The ride dynamic characteristics of a novel torsio-elastic suspension for off-road vehicle applications are investigated through field measurements and simulations. A prototype suspension was realized and integrated within the rear axle of a forestry skidder for field evaluations. Field measurements were performed on forestry terrains at a constant forward speed of 5 km/h under the loaded and unloaded conditions, and the ride responses were acquired in terms of accelerations along the vertical, lateral, roll, longitudinal and pitch axes. The measurements were also performed on a conventional skidder to investigate the relative ride performance potentials of the proposed suspension. The results revealed that the proposed suspension could yield significant reductions in magnitudes of transmitted vibration to the operator seat. Compared to the unsuspended vehicle, the prototype suspended vehicle resulted in nearly 35%, 43% and 57% reductions in the frequency-weighted rms accelerations along the x-, y-and z-axis, respectively. A 13-DOF ride dynamic model of the vehicle with rear-axle torsioelastic suspension was subsequently derived and validated in order to study the sensitivity of the ride responses to suspension parameters. Optimal suspension parameters were identified using Pareto technique based on the genetic algorithm to obtain minimal un-weighted and frequencyweighted rms acceleration responses. The optimal solutions resulted in further reduction in the pitch acceleration in the order of 20%, while the reductions in roll and vertical accelerations ranged from 3.5 to 6%.
Introduction
Wheeled off-road vehicles, employed in forestry, agriculture, mining, construction as well as military sectors are known to yield comprehensive magnitudes of low frequency ride vibration of whole-body nature. Logging tractors used for harvesting of trees in the forestry sectors, commonly known as the skidders, are unsuspended vehicles, which yield highly complex ride vibration along the translational and rotational axes arising from dynamic interactions of the vehicle with uneven terrains. The whole-body vibration (WBV) environment of such vehicles exhibits predominance of shocks and jolts, characterized by high crest factors, particularly along the vertical and lateral axes [1, 2] . It has been established that exposure to low frequency WBV encountered during skidder operation may well exceed the fatigue decreased proficiency limits defined in ISO-2631 for all the three translational axes [1] . On the basis of extensive field measurements, Cation et al. [3] showed that skidder operators' vibration exposure exceeds the health caution guidance zone for a 4-h work day, as defined in the current international standard, ISO-2631-1 [2] . The measured data revealed predominance of shocks, which was characterized by a high crest factor in the vicinity of 12 in the vertical axis. Neitzel and Yost [4] further showed that the 8-h equivalent vibration exposure of forestry workers, including the skidder operators, exceeds 8-h exposure limit defined by the Commission of the European Communities [5] . The measured data further suggest that the WBV of a forestry skidder tend to dominate in the low frequency range (up to 5 Hz), which can be partly attributed to large diameter soft tires.
Exposure of high intensity and low frequency WBV has been widely associated with several musculoskeletal disorders among the human drivers [6] [7] [8] . Several epidemiological studies have established strong relation between exposure to WBV and low back pain (LBP) among the offroad vehicle operators [9] [10] [11] [12] [13] . Despite the high intensity WBV environment of forestry skidders and the associated health and safety risks, only limited efforts have been made to control the transmission of vibration to the human operator. A forestry skidder is directly suspended on large diameter soft tires, which provide only very light damping. The ride vibration properties may thus be characterized by the response of a lightly damped mechanical system. Furthermore, vehicle operations on relatively rough terrains coupled with large size tires and high location of the operator contribute to high magnitudes of lateral and fore-and-aft vibration at the operator's location. Although a number of primary and secondary suspension designs have evolved for different wheeled off-road vehicles [14] [15] [16] [17] , implementations in forestry skidders have been mostly limited to low natural frequency vertical seat suspensions [18] . This may be partly attributed to increased vehicle rollover or tip-over risk associated with a primary suspension operating on uneven forestry terrains with considerable grade and cross-grade [19, 20] .
Suspension seats, designed with low natural frequency in the order of 1.5 Hz and free travel of ± 5 cm, are generally employed to attenuate vertical vibration in such vehicles [21] [22] [23] . The vehicle interactions with rough forest terrains may cause the suspension seat to exceed its free travel and transmit high intensity vibration or shock motions due to end-stop impacts. Furthermore, a few studies have shown that the suspension seats used in skidders do not offer reductions in vertical vibration [3, 24] , while these may amplify the vibration transmitted to the operators. Alternatively, various concepts in cab suspension have evolved to attenuate vibration along the translational as well as rotational axes [25] [26] [27] [28] [29] . The vibration isolation performance characteristics of a prototype skidder cab supported on rubber and hydro-pneumatic mounts, and spring-damper suspension units have been investigated analytically and experimentally [26] . The study showed that the low frequency lateral vibration (predominant around 1 Hz) could not be attenuated by a suspension at the cab. Furthermore, the implementation of a suspension at the cab was considered to be quite complex in small size forestry vehicles, where the cab is often welded to the chassis along with the ROP structure.
Alternatively, a number of primary suspension designs have been explored for agricultural and construction vehicles to achieve improved ride comfort for operators and reduce stresses in the vehicle structure and components [14, 15, [30] [31] [32] . Similar developments in primary suspensions for forestry skidders have been lacking, which may be partly attributed to concerns related to reduced roll and lateral stability due to low natural frequency suspension, the requirements of high roll and pitch stiffness, complexities associated with implementation of a wheel suspension since the axles are generally welded to the chassis structure, and extreme variations in the axle loads that would pose considerable design challenge.
This study presents a concept in a torsio-elastic linkage suspension to achieve improved ride performance coupled with high lateral and roll stiffness. The performance potentials of the proposed concept are investigated analytically and through field measurements of a prototype suspension. The influences of variations in the suspension design parameters on the ride performance are further presented through a parametric study, and optimal suspension parameters are identified using the Pareto optimization based on the genetic algorithm method. Figure 1 schematically shows a wheeled log skidder with a single articulation. A 3 degree-offreedom (DOF) ride dynamic model of the conventional skidder is formulated assuming constant speed operation and negligible contributions of the articulation mechanism to the vertical, roll and pitch responses. Considering that the axles are welded to the vehicle frame, the frame together with the axles and the cabin can be considered as a rigid mass supported on four tires, which are modeled by linear damped springs with point contact with the terrain, as illustrated in the pitch and roll-plane models in Fig. 2 . The equations of motion for the vehicle model subject to terrain excitations at the four tire-terrain contact points are derived as follows: 
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where i z 0 is the terrain elevation at the interface of tire i .
Torsio-elastic suspension concept
The torsio-elastic suspension consists of a linkage that is oriented along the vehicle lateral axis and couples the vehicle body (sprung mass) with the unsprung mass. The suspension linkage mechanism envelopes two 0.6 m long tubular shafts of elliptical cross section (43 mm × 38 mm), oriented along the vehicle longitudinal axis, directly coupling the sprung and unsprung masses through a series of clevises, as illustrated in Fig. 3(a) . Each tubular shaft comprises an elastomeric bar reinforced with a 16 mm metallic shaft in the center. The nominal width of the suspension link is 160 mm, while its length could be varied depending upon the desired load carrying capacity. The torsio-elastic suspension is introduced at the rear axle of the vehicle by eliminating the rigid coupling between the chassis and the rear axle, while providing high effective roll stiffness due to restoring moment capability of the torsional shafts. A pictorial view of the suspension fitted to the rear axle of a skidder is shown in Fig. 3(b) , while the suspension with the sprung and unsprung masses in the roll plane is schematically shown in Fig. 3(c) . The laterally-oriented linkage suspension undergoes relative roll motions between the unsprung and sprung masses, which yields a kinematic advantage and absorption of energy due to torsional deflections of each composite shaft. In addition, the composite shaft could also undergo radial deflection.
Development of a ride dynamic vehicle model with rear-axle suspension
The log skidder, retrofitted with the proposed torsio-elastic suspension at the rear-axle, is analytically modeled as a 13-DOF dynamic system. Figures 4(a) and 4(b) illustrate the pitch and roll planes of the full-vehicle model with the rear-axle suspension, respectively, while the detailed linkage suspension model is shown in Fig. 4(c) . The vehicle body, chassis, cab, and the mounted equipment together with the front axle are represented by a lumped sprung mass ( s m′ ) with four-DOF: vertical (z s ), roll (φ s ), pitch (θ s ), and lateral (y s ). The rear axle is represented by a rigid body with three-DOF: vertical (z ur ), lateral (y ur ), and roll (φ ur ). Each suspension link on the right and left sides is considered to possess three-DOF motion along the vertical (z 3 , z 4 ), roll (φ 3 , φ 4 ), and lateral (y 3 , y 4 ) directions. Each tire is modeled as a parallel combination of linear energy restoring and dissipative elements, assuming that the tire remains in contact with the terrain through a point contact model. The torsio-elastic suspension is characterized by its radial and torsional visco-elastic properties. The radial visco-elastic properties are represented by linear stiffness and damping elements along the vertical (k z , c z ) and lateral (k y , c y ) axes, while the torsional properties are characterized by linear torsional stiffness and damping coefficients (k t , c t ).
The equations of motion for the vehicle model subject to terrain excitations at the four tireterrain contacts points are formulated as follows: are lateral forces developed at the tire-terrain interfaces. The forces and moments developed due to the tire and suspensions are described in details in the Appendix.
The coupled differential equations of motion of the 13-DOF skidder model can be expressed in the following matrix form: 
Field measurements of vehicle ride vibration responses
Field tests were performed to measure and compare the ride vibration characteristics of a conventional unsuspended skidder and a skidder fitted with the proposed torsio-elastic suspension at the rear axle. The two vehicles (TREE FARMER C6D) were identical in all respects except for the rear-axle suspension. Both the vehicles employed a cushioned seat
without a suspension and were instrumented to measure the vibration responses at the cabin floor along the vertical, fore-aft, lateral, roll and pitch directions during the transport operation under loaded and unloaded conditions. The measured data were analyzed to obtain relative ride properties of the suspended and unsuspended vehicles. The data acquired with the unsuspended vehicle were further applied to obtain an estimate of the terrain properties, while those with the suspended vehicle were used to examine validity of the 13-DOF ride dynamic model and to assess the potential ride benefits of the proposed suspension.
Measurement methods and data analyses
A total of six accelerometers were installed on the cabin floor of each vehicle to measure vibration responses along the fore-aft (x), lateral (y), vertical (z), roll (φ) and pitch (θ) axes. Figure 5 illustrates a schematic of the accelerometers located at the cab floor, together with the distances between the various accelerometers. One accelerometer was mounted beneath the driver seat to capture vertical vibration near the driver seat, indicated as "4". Three accelerometers, "1", "2" and "3", oriented along x, y and z-axes, respectively, were installed at rear-left of the cabin, and two single-axis accelerometers were mounted at the front-left, "5", and front-right, "6", of the cabin at the floor level. The roll and pitch acceleration response characteristics of each vehicle were derived from the measured vertical accelerations using kinematic relations, while assuming small angular motions and negligible contribution due to structure flexibility, such that: ; It should be noted that measurements of vibration levels at the operator seat were not attempted, since such vehicles may employ widely different types of seats with or without a suspension. The vibration transmitted to the driver's seat, however, was evaluated for exposure assessment. For this purpose, the fore-aft ( 
where h is the seat height from the cabin floor, and 1 x& & and 2 y& & are the longitudinal and lateral accelerations measured at the cab floor using accelerometers 1 and 2, respectively (Fig. 5) . Although the seat cushion was expected to influence the cab floor vibration transmitted to the operator, particularly at frequencies above 3 Hz, the vertical acceleration ( 4 z& & ), measured beneath the seat, was considered for the exposure assessment, such that The measurements were performed while the two vehicles were driven in a forest in Eastern Quebec (Canada) by the same driver. The driver was advised to operate the vehicle at a steady speed near 5 km/h, and the accelerometers signals were acquired in a multi-channel data recorder. The measurements were acquired while the vehicles were driven forward along the selected trails and return to the start location. The duration of each measurement ranged from 5 to 15 minutes. The measured signals were manipulated to compute the roll and pitch accelerations of the cabin using Eq. (6), and the acceleration responses at the seat (
. The time histories of the resulting acceleration signals were subsequently analyzed using a multi-channel signal analyzer to derive power spectral density (PSD) spectra of accelerations along the fore-aft, lateral and vertical-axes at the seat, and along the fore-aft, lateral, vertical, roll and pitch axes at the cab floor.
The spectra were evaluated using a bandwidth of 100 Hz and frequency resolution of 0.125 Hz considering a 75% overlap. The overall unweighted and frequency-weighted rms accelerations at the seat were also obtained for relative ride assessments of the suspended and unsuspended vehicles. The frequency-weighted rms accelerations were computed using the W k -, W d -and W e -weighting filters defined in ISO-2631-1 [2] for vertical, horizontal and angular accelerations, respectively.
Response analyses of the vehicle model
The coupled differential equations of motion for the 3-DOF and 13-DOF models of the conventional and suspended vehicle models, respectively, were solved in the frequency-domain to obtain ride vibration responses at the operator seat and cab floor. The spectral densities of the generalized response coordinates could be derived from the complex frequency response function of the models, such that:
is the (3×4) and (13×4) complex transfer function matrices of the conventional and suspended vehicle models, respectively. The superscript " " denotes the transposed complex conjugate of the transfer function matrix. In the above equation
is the spectral density matrix of the generalized response coordinates, and
is the (4×4) matrix of the spectral density of elevations at the four tire-terrain interfaces, given by: 
where σ is the amplitude of the terrain elevation, which is related to the vehicle speed V and the spatial PSD of the terrain roughness ) (Ω Z G as a function of the spatial frequency Ω of the terrain profile, such that:
τ defines the correlation between the front and rear wheels in the pitch plane, and φ τ describes the correlation between the right-and left-wheels in
the roll plane. The correlation between the front and rear wheels excitation can be expressed as a function of the vehicle speed and the wheelbase [33] , such that V WB = θ τ . The roll excitation due to unevenness of the two tracks of the terrain is estimated by generating a randomly distributed cross-slope function in the following manner:
where rnd is a Gaussian random number generated between 0 and 1. The random cross-slope is expressed in terms of an equivalent time delay between the right-and left-wheels in a manner similar to that described for the front-and rear-axle wheels, such that V χ τ φ = .
The response characteristics at the driver-seat location (
) are evaluated using the coordinate transformations. The frequency response transfer function matrix relating displacement responses at the seat (x s0 , y s0 , z s0 , θ s0 , φ s0 ) to the generalized coordinates is formulated as: (11) where [R] is (5×3) or (5×13) coordinate transformation matrix relating the generalized coordinates with those at the operator seat for the conventional and suspended vehicle models,
is the (5×4) frequency response function matrix relating the response vector at the seat to the excitation coordinates. The PSD of displacement responses at the seat can be subsequently evaluated from: 
Estimation of an equivalent terrain profile
The analysis of ride dynamic model of the forestry skidder requires characterization of roughness properties of the forestry terrain. Although the surface roughness properties of various undeformable off-road terrains have been characterized and expressed by regression models in many studies [34] [35] [36] , a description of a forestry terrain could not be found. Furthermore, the surface roughness of a forestry terrain may vary with local soil properties and number of passes of the vehicle [37, 38] . In this study, roughness of the forestry terrain is estimated from the measured responses of the unsuspended vehicle in conjunction with its 3-DOF model. For this purpose, the 3-DOF vehicle model was initially analyzed by considering a random terrain excitation derived from a roughness model of the form [39] :
where constants α and β are the roughness coefficient and waviness of the terrain, respectively, which are generally identified from measured roughness profiles. The temporal frequency of the terrain excitation is computed from f=ΩV. The constants α and β were identified from the measured responses of the conventional skidder. For this purpose, a minimization problem was formulated to minimize sum of squared normalized errors between the model and the measured responses at the vehicle cg at several discrete frequencies, such that: 
where x l and y l are longitudinal and lateral distances between the vehicle cg and the seat base, respectively, as shown in Fig. 2 .
The minimization problem was solved at 150 different discrete frequencies of excitation in the 0.375 to 25 Hz range using Matlab optimization toolbox [40] , assuming a constant forward speed of 5 km/h. The starting values of parameters were taken as those for a plowed field [39] . The solutions were also attempted for different starting values, which converged to very similar values of the parameter vector at each frequency. The solutions of the minimization problem provided the parameter vector values corresponding to each discrete frequency, which showed considerable variation with the frequency. The identified coefficients were subsequently applied to the roughness model in Eq. (14) to determine terrain roughness in terms of spatial PSD of the profile, . Figure 6 illustrates variations in spatial PSD as a function of the spatial frequency Ω . The results clearly show considerable scatter in the spatial PSD data. A power regression function of the form, defined in Eq. (14) , was subsequently fitted to the data to obtain estimates of the probable roughness coefficients, which resulted in the following roughness model with a correlation coefficient ( 
The above roughness model of the forestry terrain may be considered to represent roughness profile of an equivalent undeformable terrain. The identified roughness model coefficient and the ( ) Z G Ω roughness profile are compared with those reported for the plowed field and pasture [39] , and the MVEE (Military Vehicle Engineering & Establishment) random course [34, 36] , in Table 1 and Fig. 7 , respectively. The comparisons suggest lower roughness of the forestry terrain compared to the profiles considered, particularly corresponding to the lower wave numbers. This may also be attributed to relatively soft forestry terrain since the measurements were performed during late fall season. The waviness of the forestry terrain, however, is quite comparable to those of the plowed field and the pasture. 
Results and discussions
The measured vibration responses of both the suspended and unsuspended vehicles were compared to assess effectiveness of the proposed torsio-elastic suspension in reducing transmission of terrain-induced vibration to the cabin and the human driver's location. The responses were evaluated in terms of power spectral densities of accelerations, overall rms accelerations along all the axes, as well as 8-hour energy frequency-weighted acceleration [2, 5] . Figure 8 compares PSD of accelerations measured at the cabin floor of both the suspended and unsuspended loaded vehicles along the fore-aft, lateral, vertical, pitch and roll axes. The results suggest that the predominant fore-aft and lateral vibration occur at frequencies near or slightly below 1 Hz, which are attributable to the pitch and roll modes resonances, respectively. For both the vehicles, the roll, pitch, and vertical acceleration peaks occur near the respective resonance frequencies of 1.0 Hz, 0.9 Hz and 1.6-2.1 Hz range, respectively. Although the resonance frequencies of both the vehicles appear to be quite comparable, the suspended vehicle yields significantly lower magnitudes of vibration in all the axes when compared to those of the unsuspended vehicle. The potential benefits of the proposed torsio-elastic suspension were also evaluated from the overall unweighted and weighted acceleration responses, computed in the 0.5-20 Hz frequency range, and the 8-hour energy frequency-weighted acceleration. The frequency-weighted rms accelerations along the x-, y-and z-axis at the driver's location were evaluated through applications of the appropriate weighting functions defined in ISO-2631-1 [2] . The total WBV exposure was also evaluated in terms of vector summation of the weighted accelerations along the three translational axes, such that:
where a wx and a wy are W d -weighted rms fore-aft and lateral accelerations, respectively, and a wz is the W k -weighted rms vertical acceleration. The constants k x and k y are additional weightings used to account for human sensitivity to horizontal vibration, as recommended in ISO-2631-1 [2] .
Eight-hour energy equivalent frequency-weighted acceleration A(8) is also computed in accordance with the exposure assessment guidelines of EC [5] , which is computed from:
where 0 T is the reference duration of 8 hours and e T is the average daily exposure duration. In this study, the average daily exposure duration is taken as 4 hours on the basis of the information attained from the Forestry Engineering Research Institute of Canada [41] . Table 2 summarizes the unweighted and frequency-weighted rms accelerations along each axis of the suspended and unsuspended vehicles with and without the load. The Table also presents the total exposure a v and A (8) values. The results show that the torsio-elastic suspension could significantly decrease the vibration exposure levels in all the directions. The suspended vehicle yields 35%, 43% and 57% lower frequency-weighted rms accelerations in x-, y-and zaxis, respectively, compared to the unsuspended vehicle, when loaded. The suspended vehicle, however, exhibits relatively higher unweighted pitch and roll vibration, when unloaded, while the unweighted rms accelerations along the x, y, and z directions are 44%, 27% and 45% lower, respectively, compared to those of the unsuspended vehicle. The higher pitch response of the suspended vehicle is attributed to the pitch dynamic response of the vehicle with a relatively soft suspension at its rear axle. This phenomenon has been illustrated by Cao et al. [42] . The results further show that the weighted magnitudes of horizontal vibration transmitted to the operator location are either comparable to or exceed vertical vibration magnitude. The results also suggest that both the a v and A (8) values for the suspended vehicle are 41% and 37% lower than those of the unsuspended vehicle under the loaded and no-loaded conditions, respectively. The results thus suggest that the proposed torsio-elastic suspension could offer considerable benefits in reducing the WBV exposure of the vehicle operators. 
Vehicle model validation
Validity of the 13-DOF ride dynamic model was examined using the field-measured data corresponding to the unloaded case, which could serve as a design tool for deriving an optimal suspension design. The ride dynamic responses of the vehicle model were obtained under terrain excitation defined in Eqs. (9) and (17), assuming a constant vehicle speed of 5 km/h, which is identical to that used for the field measurements. The simulation parameters of the vehicle model are summarized in Table 3 , which were obtained partly from the data sheets provided by the manufacturers, and partly estimated from the measured natural frequencies of the vehicle [46] . The results obtained from the eigenvalue problem for the vehicle model revealed vertical, pitch and roll mode resonance frequencies of the sprung mass near 2 Hz, 1.1 Hz and 0.9 Hz, which are quite close to the frequencies corresponding to the peaks in the measured acceleration spectra (Fig. 8) , while the resonant frequencies of the unsprung mass and the suspension linkage mechanisms were significantly higher. The ride vibration responses of the vehicle model near the operator seat were subsequently obtained in terms of acceleration PSD and the rms values. The response acceleration spectra obtained along the vertical, pitch and roll axes are compared with those of the measured data in Fig. 9 . The comparisons along the fore-aft and lateral axes, however, were not attempted due to simplifying assumption of constant forward speed, negligible articulation forces and lack of consideration of the tire-terrain interactions in the fore-aft direction. It should be noted that the spectra of the measured accelerations are quite smooth in relation with those derived from the model responses, as seen in Fig. 9 . This is attributed to the number of averages performed and signal overlap used during processing of the measured data. While the results suggest comparable trends between the model responses and the measured spectra, considerable deviations are also evident. The model responses exhibit significant troughs near 2 Hz and at higher frequencies, which are attributed to the wheelbase filtering effect [42] [43] [44] . The deviation in the responses are also attributable to various simplifying modeling assumptions, particularly the consideration of negligible contributions due to articulation forces and moments, absence of wheel hop, and linear tire and suspension properties. Despite the observed deviations, the results in general suggest reasonably good validity of the model for predicting vertical, roll and pitch ride responses of the sprung mass. The model may thus be considered applicable for identifying desirable suspension design parameters for enhanced attenuation of the terrain-induced whole-body vibration.
The ride dynamic responses of the model were further evaluated in terms of unweighted and frequency-weighted vertical, roll and pitch rms accelerations. The computed values of the rms accelerations are compared with those derived from the measured data of the suspended vehicle corresponding to the unloaded condition in Table 4 . The results presented in Table 4 suggest good correlations between the frequency-weighted acceleration values of the model and the measured data in the pitch and roll axes. Considerable discrepancy, however, is observed in the vertical acceleration values. Higher vertical acceleration response of the model at frequencies above 3 Hz (Fig. 9) , where the magnitude of W k -weighting is relatively larger, contributed to higher frequency-weighted rms value. This is evident from relatively smaller difference in the unweighted vertical acceleration values. The results also illustrate considerably higher values of the unweighted roll and pitch accelerations compared to the weighted values. This is mostly attributed to the properties of the W e -weighting. Considering the promising potentials of the suspension concept, further efforts would be desirable to formulate a more reliable model so as to derive an optimal suspension design for different classes of off-road vehicles. 
Sensitivity analysis and optimization of the torsio-elastic suspension design
Ride performance potentials of the proposed toriso-elastic suspension would be dependent on a number of vehicle design and operating parameters. The stiffness properties and geometry of the torsio-elastic suspension would also affect the load carrying capacity of the suspension. The potential performance benefits of the torsio-elastic suspension are thus further explored through a sensitivity analysis of the ride responses to variations in suspension parameters, namely the linkage length L 0 , and stiffness (k y , k z , k t ) and damping (c y , c z , c t ) properties of the torsio-elastic suspension, while assuming constant forward speed of 5 km/h and unloaded condition. The results attained are used to formulate an optimization problem in an attempt to seek an optimal design of the proposed torsio-elastic suspension. Each parameter was varied by ±50% about the nominal value, and the responses were obtained in terms of unweighted and frequency-weighted vertical, pitch and roll rms accelerations. The results revealed nearly negligible effect of the linkage length on the acceleration responses. The influences of variations in stiffness and damping parameters alone on the rms values are thus presented in Table 5 .
The results show that both the frequency-weighted and unweighted vertical and pitch rms accelerations are strongly affected by the suspension vertical stiffness. An increase in the pitch and vertical mode resonance frequencies caused by higher vertical stiffness as well as coupling between vertical and pitch modes resulted in higher frequency-weighted and unweighted vertical and pitch accelerations. Variations in the vertical stiffness, however, do not influence the W eweighted and unweighted roll accelerations, suggesting that vertical and roll modes of the vehicle are mostly decoupled. While the lateral stiffness variations yield only slight effect on the W e -weighted roll acceleration, a lower value of torsional stiffness yields higher values of unweighted and W eweighted roll acceleration magnitudes. This influence is greater for the unweighted roll response and is most likely caused by the properties of the W e -weighting. The roll response is mostly affected by the torsional stiffness coefficient, while the effect of lateral stiffness is very small.
While light damping of the torsio-elastic members may not yield important influences on the ride vibration responses, both the weighted and unweighted vertical and pitch accelerations tend to increase with lower vertical damping of the torsio-elastic member. A decrease in c y and c t results in slightly higher roll rms acceleration values. The results suggest that a suspension design with lower vertical and lateral stiffness, and higher torsional stiffness would yield lower overall weighted and unweighted rms acceleration magnitudes. Higher values of vertical damping coefficients would also be desirable, while the effects of c y and c t are relatively small.
Optimization variables and objective functions
A design optimization is undertaken to seek optimal torsio-elastic suspension parameters using the Pareto technique based on the Genetic Algorithm (GA) [45] . The W k -weighted and unweighted rms vertical accelerations, (a wz , a z ), W e -weighted and unweighted rms pitch and roll accelerations, (a wθ , a θ ) and (a wφ , a φ ), are selected as the objective functions to be minimized. The results attained from the sensitivity analysis revealed that the rms acceleration responses are mostly influenced by the vertical, lateral and torsional stiffness, and the vertical damping coefficients. Two objective functions are thus formulated to seek minimal weighted and unweighted rms accelerations, respectively, with parameter design vector X= { k y , k z , k t , c z }, such that: (20) where F w (X) and F(X) are the weighted and . The minimization function F w (X) also accounts for the human sensitivity to vibration as reflected by the weighting functions. The solutions of the above minimization functions for vehicle suspensions generally converge towards lower stiffness values, which may tend to result in reduced load carrying capacity and roll stability limits, and greater relative deflections of the sprung mass with respect to the unsprung masses. Although the kinematic effect of the proposed suspension is expected to inhibit the relative deflection, limit constraints are introduced in order to seek solutions within practical ranges, such that: 30≤ k y ≤300 kN/m; 70≤ k z ≤300 kN/m; 50≤ k t ≤250 kNm/rad; and 3≤ c z ≤ 9 kN.s/m. The solutions of the minimization problems were obtained in terms of sets of Pareto optimal solutions. As an example, Fig. 10 illustrates the various Pareto optimal solutions in terms of the weighted acceleration values. The optimal solutions in weighted vertical, roll and pitch accelerations suggest a positive correlation between a wθ and a wz attributed to greater coupling between the vertical and pitch modes. Fig. 10(a) , however, suggests a weaker coupling between roll and vertical accelerations, while the coupling between roll and pitch responses is negligible, as seen in Fig. 10(c) . Similar trends in optimal Pareto solutions were also observed for the unweighted rms accelerations. These solutions were subsequently explored to identify a design compromise that would yield minimal values of the multi-objective functions, defined in Eq. (20) , using different combinations of the weighing factors. The results revealed nearly negligible effect of the roll acceleration weighting (K 3 ), as expected due to its relatively lower coupling with the vertical and pitch responses. The optimal solution and the corresponding design parameters were thus identified by placing greater weighting for a wz (K 1 =0. 5 }={ 36.4, 73.3, 187.5, 6.3 }; for the unweighted function. The above results show comparable values of the suspension parameters for both the minimization functions, except for the values of k y . The minimization of weighted function converged towards a considerable greater value of k y compared to that for the unweighted function. The minimization of the weighted values in roll tends to converge towards a higher value of k y in order to achieve roll mode frequency well above the dominant frequency range of the W e -filter (1-2 Hz). The resulting optimal solutions in terms of both the weighted and unweighted rms accelerations and the design parameters are summarized in Table 6 . The results in Table 6 show that the optimal suspension design yields considerably lower values of a wθ and a θ compared to those of the model with nominal parameters, while the reductions in vertical (a wz , a z ) and roll (a wφ , a φ ) acceleration values are relatively small, ranging from roughly 3.5 to 6%. The relative deflection responses of the sprung mass with respect to the rear axle were further evaluated to study the effects of optimal parameters on the vertical and roll deflections. The results revealed relatively higher relative deflections of the optimal suspension compared to the nominal suspension parameters, although the increases were considered could be small. The rms vertical relative deflection of the model with optimal suspension was 4.8 cm compared to 4.0 cm for the nominal suspension model.
Conclusions
The ride performance potentials of a novel torsio-elastic suspension were investigated for a forestry vehicle through field assessments and simulations of a ride dynamic model. The results attained from the field measurements revealed significant benefits of the rear axle torsio-elastic suspension in reducing the operator vibration exposure. In the loaded case, the suspended vehicle resulted in 35%, 43% and 57% reductions in the frequency-weighted rms accelerations along the x-, y-and z-axis, respectively, compared to the unsuspended vehicle. The suspended vehicle, however, revealed slightly higher unweighted pitch and roll rms accelerations, when unloaded, while the unweighted rms accelerations along the x-, y-and z-axis were 44%, 27% and 45% lower, respectively, compared to those of the unsuspended vehicle. The results further showed that the magnitudes of horizontal vibration transmitted to the operator's station were either comparable to or exceeded the vertical vibration magnitude. While the ride model responses agreed reasonably well with the measured responses in vertical, roll and pitch axes, the model could not be applied to predict fore-aft and lateral ride responses due to various simplifying assumptions, namely constant forward speed, negligible contributions due to articulation forces and moments, and lack of tire-terrain interaction in the shear axes.
The results obtained from sensitivity suggested that a suspension design with lower vertical and lateral stiffness but higher torsional stiffness would yield lower overall unweighted and weighted rms acceleration magnitudes. The results also suggested strong coupling between vertical and pitch mode responses, but negligible coupling between the pitch and roll modes of the vehicle. The optimal suspension parameters identified from solutions of a multi-objective minimization problem resulted in further considerable reductions in the pitch rms accelerations in the order of 20%, with only 3.5 to 6% reductions in vertical and roll accelerations. Considering the notable performance benefits of the proposed suspension, it would be desirable to develop more reliable ride and handling dynamic models of the vehicle, which could serve as a vital tool for suspension design and assessments of the ride vibration and handling/roll dynamics of a broader class of off-road vehicles. 
Appendix: Tire and suspension forces and moments
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